Aortic blood pressure is a strong indicator to cardiovascular diseases and morbidity. Clinically, pressure measurements are done by inserting a catheter in the aorta. However, imaging techniques have been used to avoid the invasive procedure of catheterization. In this article, we combined MRI measurements to a one-dimensional model in order to simulate blood ow in an aortic segment.
Introduction 10
To date, blood pressure (BP) is one of the most useful clinical indicator of or aneurisms. In a clinical routine, a sphygmomanometer is used to measure systolic and diastolic brachial pressure. However, due to reexion in the distal 18 arteries, the aortic pressure waveform is altered while traveling through the vas- 19 cular system. Thus distortion of the wave shape as well as systolic amplication 20 occur on the systolic pressure measured in the brachial artery O'rourke et al. 21 [32], Park and Guntheroth [34] , Salvi [37] . Although models and transfer func- 22 tions to link brachial BP to aortic pressure exist Chen et al. [12, 11] , Liang [26] , 23 wave reection in the arterial system makes it dicult to reproduce the wave 24 contour with great delity from such methods. Until now, the gold-standard of 25 aortic pressure measurement is catheterization, which is invasive and not repeat-26 able in a routine procedure Murgo et al. [30] , Skinner and Adams [40] . In recent 27 years, imaging techniques have been used to assess pressure gradients from ve-28 locity or acceleration maps and its combination with uid mechanics equations 29 has been exploited in order to measure the BP non-invasively. Doppler Ultra-30 sound (US) used to measure blood velocity in the arteries was associated to the 31 standard simplied Bernoulli equation in order to determine pressure dierences 32 between two measurement sites. This latter technique is reported to be user-33 dependent and error-prone due to the wave angle of incidence Zananiri et al. 34 [51], Muhler et al. [29] , hence its accuracy in determining the maximum velocity 35 in the artery is debatable. Also, extending US to other situations is limited 36 by the inapplicability of Bernoulli equation to unsteady ows Yang et al. [50] . arising from velocity derivation Buyens et al. [10] . These methods compute a 44 pressure gradient, and to estimate an absolute pressure, require a zero-pressure 45 reference point which has to be measured with a catheter, or user-dened in 46 a gross assumption. Consequently, these methods are not an alternative to catheter measurements, which remain more accurate. In this work, we propose 48 a non-invasive technique to extract absolute pressure in a straight artery from 49 MR velocimetry using a biomechanical one-dimensional (1D) model as proposed 50 by Formaggia et al. Formaggia et al . [18] . Although a three-dimensional (3D) 51 model gives a more complete and realistic reproduction of the aortic ow, 1D 52 models are able to describe the non-linear ow behavior in larger elastic vessels 53 Hughes and Lubliner [22] . As these models are reasonably accurate, they are 54 widely used for aortic ow simulations. Their accuracy has been assessed by 55 comparison with experimental data acquired in a tube phantom Bessems et al. 56 [7], in a distributed arterial model Olufsen et al. [31] , Alastruey et al. [ The 1D-model, studied in Formaggia et al. [18] , is a reduced model describ-73 ing blood ow in arteries and its interaction with wall motion. The artery is 74 considered as a cylindrical compliant tube of length L and radius R (R L).
75
The model derivation approach consists of integrating the NS equations on a 76 generic section S. Some simplifying assumptions are made:
77
• the model assumes axisymmetry
78
• the wall displacement is supposed to solely be in the radial direction
79
• pressure is assumed to be uniform in each section 80
• the axial velocity u z is predominant.
81
For large arteries such as the aorta, it is a safe assumption to consider a at 82 velocity prole for the boundary layer is very thin compared to the vessel radius 83 Olufsen et al. [31] . 84 The main variables of the problem are ( Figure 1 ):
• blood pressure P (t, z),
88
where dσ denotes the area element. Their evolution is described by the mo-89 mentum conservation and the mass conservation equations, while considering a 90 4 constant viscosity:
K r is the friction coecient; for a at prole in blood ow problems,
where ν is the vessel wall kinematic viscosityFormaggia and Veneziani [19] . ρ is 93 the blood density.
Pressure law 95
To close the system, a relation between the section area A and the pressure 96 P is dened. This pressure law depends on section area A 0 (z) = πR 
1−ξ 2 using Young's modulus E and the vessel thickness h 0 and Poisson's 107 ratio ξ = 0.5 for an incompressible material deformed elastically at small strains.
108
A more general law proposed in Hayashi et al.
[21], Smith and Hunter [41] 109 is written as: as it includes compliance changes, is patient-specic.
125
In fact, compliance is given by the ratio of section variation to pressure 126 variation :
where P t = P − P ext is the transmural pressure. The compliance is considered 128 as a local constant on an arterial segment. By integrating equation (7) and 129 knowing that when P t = 0, i.e. P = P ext , A = A 0 , we write A = CP t + A 0
130
where A 0 is the section area at the equilibrium state. We write equation 7 as C = A−A0 P −Pext , thus deriving the pressure law:
In the limit of small displacements, this pressure law is equivalent to the com-133 monly used linear law ((5)) for
In fact, by linearizing ( (5)) (see also Alastruey et al.
[5]), we have:
Numerical approximation 136
System (3)-(4) is written in the conservative form :
where
Since A > 0, the matrix DF possesses two real distinct eigenvalues λ ± = Q A ± c 1
142
and system (10) is a hyperbolic system of partial dierential equations For-143 maggia and Veneziani [19] . The blood ow is assumed to be sub-critical, thus 144 λ − < 0, and λ ± have opposite signs.
145
7 Following Formaggia and Veneziani [19] , system (10) is written in diago-nal form, which is more suitable to understand the solution behavior and for 147 numerical purpose:
where 
Inversely, the primitive set of variables (A, Q) is written in terms of the
For system (10) approximation, a nite volume scheme is dened by a grid over
, with uniform mesh-spacing ∆z and time step ∆t n . The cells are
The numerical scheme is a classical nite volume scheme of Rusanov type 159 for hyperbolic problems:
8
)}, and where
space ∆t n must verify the well-known stability condition 2 max curve dened by
where λ = λ n −0 and ∆t = ∆t n . Similarly, we impose
Boundary conditions 175
We used MRI measured boundary conditions on the inlet of the tube phan-176 tom or the arterial segment. Flow measured on the entrance was imposed as 177 a condition on the rst mesh. We extrapolated, as explained above, the inlet 178 value of W 2 , and A was computed by using relations (12) and (13) . The outlet 
As for the RC-model:
P out−0D is the pressure at the 0D-model exit. We compute P C at each time 202 step by explicitly discretizing equation (16):
then use the relation at the 1D-model exit:
MRI experiments 205
A straight exible silicone tube was used as a phantom to validate the (c) subject C, 33 years old Figure 8 : Healthy volunteers' aortic pressure simulated in a straight segment going from the descending aorta (DAo) to the abdominal aorta(AbAo). The horizontal dashed lines in orange show the averaged brachial diastolic and systolic pressure (P diast and Psyst) measured for each subject. In green, the corresponding mean arterial pressure (MAP) lines are computed on the simulated pressure (solid line) and the arm measurements (dashed line). The inlet condition is the ow measured at the base of the descending aorta and the outlet condition is given by the 1D-0D coupled model. Pressure law based on compliance measurement (equation 8) is used. Mean arterial pressure is given by: M AP = P diast +
